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SUM  MAR  Y 

A  numerical  investigation  into  the  behaviour  of  cracked  sheets  which  are  patched 
with  an  overlay  of  composite  material,  is  presented.  This  study  gives  guidelines  as  to  the 
optimum  location,  size,  and  shape  of  patches.  The  main  considerations  are:  reduction  in 
the  stress  intensity  factors  at  the  crack  tip,  the  maximum  fibre  stress  in  the  patch  and 
the  maximum  shear  stress  in  the  adhesive  bond  between  patch  and  sheet. 
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NOTATION 


a 

Applied  tensile  stress. 

°r 

Tensile  stress  in  the  fibres. 

*• 

Shear  stress  in  the  adhesive. 

KiP 

Stress  intensity  factor  for  the  patched  crack. 

Km 

Stress  intensity  factor  for  the  unpatched  crack. 

U 

Thickness  of  the  adhesive  layers. 

t. 

Thickness  of  the  sheet. 

tv 

Thickness  of  the  patch. 

Giz,  Gu,  Ga 

Shear  moduli  of  the  patch. 

Ei,  E2 

Young’s  moduli  of  the  patch. 

VIZ 

Poisson’s  ratio  of  the  patch. 

1.  INTRODUCTION 


This  report  forms  part  of  a  general  research  programme  into  the  repair  of  aircraft  structures, 
using  high  strength  composite  material,  currently  underway  at  the  Aeronautical  Research 
Laboratories,  Australia  [I -5].  In  a  previous  report  [4]  the  authors  developed  the  analytical  and 
numerical  tools  required  for  the  analysis  of  cracked  metal  sheets  reinforced  by  a  bonded  overlay 
of  composite  material.  These  tools  are  now  used  to  determine  the  effectiveness  of  various  patch 
configurations.  Here  the  “effectiveness”  of  the  patch  is  measured  in  terms  of  the  reduction  of 
the  stress  intensity  factor  K\  at  the  crack  tip.  However  the  shear  stresses  developed  in  the 
adhesive  bond  between  patch  and  sheet  and  the  stresses  in  the  fibres  of  the  patch  are  also  major 
considerations  since  a  patch  must  be  designed  such  that  it  will  not  fail  in  service. 

2.  NUMERICAL  INVESTIGATION 
2.1  General 

In  a  previous  report  [4]  the  authors  developed  a  “bonded"  element  which  models  the 
behaviour  of  an  element  of  adhesive  plus  an  element  of  patch.  This  “bonded”  element  will  now 
be  used  in  a  numerical  investigation  into  crack  patching  based  on  the  finite  element  method. 
Here  we  will  confine  our  attention  to  the  repair  of  a  centrally  located  crack  in  a  thin  sheet  of 
aluminium  which  is  subjected  to  a  uniform  tensile  stress  denoted  by  a.  The  crack  has  a  total 
length  of  38-1  mm  while  the  sheet  has  dimensions  508  mm  x  635  mm;  see  Figure  1  where 
the  finite  element  grid  in  the  vicinity  of  the  crack  is  also  shown.  This  grid  incorporates  the 
advanced  crack  tip  element  described  in  Reference  3.  In  this  investigation  the  thickness  of  the 
sheet  will  be  treated  as  a  variable.  Throughout  the  analysis  the  composite  overlay  will  be  taken 
as  a  unidirectional  boron  epoxy  laminate  with  the  fibre  direction  being  perpendicular  to  the  crack. 
The  laminate  moduli  are  as  follows: 

Ei  =  208- 1  GPa  G12  =  Gi*  =  7-24  GPa 

Ei!E2  =  8  18  G23  =  4  -94  GPa 

»12  =  0-1677 

where  the  1-axis  is  in  the  fibre  direction 
the  2-axis  is  parallel  to  the  crack 
the  3-axis  is  in  the  thickness  direction. 

The  overlay  is  considered  as  being  bonded  to  the  sheet  by  an  adhesive  which  has  a  shear  modulus 
G«  of  9-65  x  102  MPa. 


1.  A.  A.  Baker  and  M.  M.  Hutchinson.  Fibre  Composite  Reinforcement  of  Cracked  Aircraft 
Structures,  A.R.L.  Materials  Division  Tech.  Memo.  366,  (1976). 

2.  A.  A.  Baker.  A  Summary  of  Work  on  Applications  of  Advanced  Fibre  Composites  at  the 
Aeronautical  Research  Laboratories,  Australia,  Composites,  Vol.  9,  pp.  1 1-16,  (1978). 

3.  R.  Jones  and  R.  J.  Callinan.  On  the  use  of  Special  Crack  Tip  Elements  in  Cracked  Elastic 
Sheets,  Int.  J.  Fracture,  Vol.  13,  1,  pp.  51-64,  (1977). 

4.  R.  Jones  and  R.  J.  Callinan.  Finite  Element  Analysis  of  Patched  Cracks,  J.  Structural 
Mechanics,  Vol.  7,  2,  1979  (in  press);  also  published  as  A.R.L.  Structures  Report  367,  1978. 

5.  M.  J.  Davis.  Stress  Intensity  Reduction  by  Strategic  Reinforcement,  Proc.  1977  Conference 
Australian  Fracture  Group,  pp.  90-101,  (1977). 
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a 


a 

(a)  Centrally  cracked  sheet 


(b)  Finite  element  grid  in  sheet  in  vicinity  of  crack 


FIG.  1 :  CRACKED  SHEET  FOR  FINITE  ELEMENT  ANALYSIS 
STUDY  OF  PATCH  DESIGN 
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Patch  thickness  (mm) 


FIG.  3  :  EFFECT  ON  PATCH  THICKNESS  ON  DESIGN  VARIABLES: 
DOUBLE  REINFORCEMENT 


2.2  Strip  Patches 

We  well  begin  our  investigation  into  patch  design  by  considering  the  optimum  location  of 
thin  strip  patches.  Patches  of  this  type  have  been  considered  in  detail  in  [4]  and,  whilst  they 
significantly  reduce  the  stress  intensity  factor,  they  can  lead  to  severe  stresses  in  both  the  fibres 
and  the  adhesive.  As  a  result  such  patches  are  generally  not  practical  repair  schemes.  Never 
the  less,  a  study  of  strip  patches  throws  light  on  the  question  of  where  along  a  crack  a  patch 
has  its  most  marked  influence. 

Figure  2  shows  the  ratio  of  the  stress  intensity  factor.  K\p,  obtained  for  a  crack  patched 
with  boron-epoxy  laminates  of  dimensions  tv  by  100-8  mm  by  6-35  mm  to  the  stress  intensity 
factor,  A'm,  for  the  unpatched  crack,  plotted  against  the  patch  thickness  tp  for  four  different 
patch  locations.  The  sheet  thickness  is  here  taken  as  2  -29  mm  and  a  patch  is  applied  to  each 
side  of  the  sheet. 

Although  with  only  four  different  locations  it  is  not  possible  to  predict  accurately  the 
optimum  location  of  a  thin  strip  patch,  it  is  clear  that  strip  4  has  little  effect  of  the  crack.  As 
a  result  we  see  that  patch  material  beyond  the  crack  tip  will  not  greatly  contribute  to  the  effec¬ 
tiveness  of  the  patch.  On  the  other  hand  patch  3,  which  is  immediately  inboard  of  the  crack  tip, 
is  the  most  effective  in  reducing  the  stress  intensity  factor  although  only  marginally  more  so 
than  patch  2. 

At  this  stage  it  should  be  mentioned  that  although  the  results  presented  in  Figure  2,  and 
subsequent  figures,  are  shown  as  continuous  curves  the  computations  were  in  fact  made  for 
discrete  values  of  patch  thickness  tp.  These  values  of  tp  are  multiples  of  0-127  mm  which  is 
the  thickness  of  a  single  layer  of  unidirectional  boron  epoxy  laminate  which  is  commercially 
available. 

2.3  Crack  Covering  Patches 

Let  us  now  turn  our  attention  to  the  analysis  and  design  of  patches  which  cover  the  entire 
length  of  the  crack.  In  particular  we  will  consider  patches  whose  width  does  not  extend  beyond 
the  extreme  right  hand  edge  of  strip  4,  as  shown  in  Figure  2.  Figures  3(a),  ( b ),  (c)  show  respectively 
the  ratio  of  the  stress  intensity  factors  K\pjK\u,  the  maximum  fibre  stress  in  the  patch,  ar,  and 
the  shear  stresses  in  the  adhesive,  ra,  plotted  against  the  patch  thickness,  ip,  for  uniaxial  boron- 
epoxy  laminate  patches  of  dimensions  1 52  mm  X  50  ■  8  mm  placed  on  each  side  of  the  sheet 
so  as  to  cover  the  crack  completely.  The  shear  stresses  shown  in  these  figures  are  the  values 
occurring  at  point  A,  over  the  centre  of  the  crack,  and  at  point  B,  at  the  end  of  the  patch,  as 
shown  in  Figure  3. 

From  Figure  3  we  see  that  even  the  0-127  mm  (one  layer)  patch  reduces  the  stress  intensity 
factor  to  33-5%  of  its  value  for  the  unpatched  crack.  The  stress  intensity  factor  K\v  decreases 
monotonically  as  the  patch  thickness  increases,  but  its  rate  of  decrease  is  relatively  low.  For 
example  with  a  0-762  mm  (six  layer)  patch  the  stress  intensity  factor  is  19-5%  of  the  unpatched 
value  so  that  a  six  fold  increase  in  patch  thickness  has  only  led  to  a  14%  reduction  in  the  stress 
intensity  factor. 

The  effect  of  patch  thickness  on  the  stresses  in  the  adhesive  and  the  patch  is  much  more 
dramatic.  We  see  that  thin  patches  have  severe  stress  concentrations  in  the  fibres  over  the  crack, 
together  with  a  high  stress  concentration  in  the  adhesive  over  the  crack.  These  stress  concen¬ 
trations  decrease  significantly  as  the  thickness  of  the  patch  is  increased.  However  as  the  thickness 
of  the  patch  increases  the  shear  stress  in  the  adhesive  at  the  ends  of  the  patch  also  increases  until 
it  is  greater  than  the  corresponding  value  at  the  crack. 

3.  PATCH  DESIGN  STUDY 
3.1  Guideline  for  Patch  Design 

We  are  now  in  a  position  to  begin  our  study  in  patch  design.  From  Figure  3(a)  we  see 
that  any  design  requirement  based  upon  a  necessary  reduction  in  the  stress  intensity  factor  can 
readily  be  achieved  by  a  large  number  of  patch  configurations.  However  there  are  two  other 
design  requirements  which  are  based  upon  maintaining  the  structural  integrity  of  the  patch. 
These  requirements  are  as  follows : 


(1)  The  maximum  strain  in  the  fibres  must  be  kept  below  the  breaking  strain  of  the  fibres. 
For  a  boron  laminate  the  limiting  strain  is  taken  as  0-005  so  that  we  require  that  the 
patch  stress  satisfy 

o/(x  tf  Eh)  ^  0-005  E\  (1) 

where  Ei  is  the  Young's  modulus  of  the  composite  in  the  direction  of  the  fibres,  which 
in  the  present  patch  is  equal  to  208  -1  GPa.  If  we  denote  the  stress  concentration  in 
the  fibres  as  C  this  then  tells  us  that  the  patch  thickness  must  be  such  that 

<jf  =  C  a  <  1  -04  GPa  (2) 

Hence  knowing  the  applied  stress  determines  the  maximum  permissible  value  of 
C  which  in  turn  determines  the  minimum  permissible  patch  thickness. 

(2)  In  addition,  the  shear  stress  in  the  adhesive  must  not  exceed  a  threshold  value  typically 
45  MPa,  see  [6];  otherwise  fatigue  damage  to  the  adhesive  will  occur.  Denoting  the 
shear  stress  concentrations  in  the  adhesive  at  the  ends  of  the  patch  and  at  the  crack 
as  Ct  and  Cc  respectively  this  means  that  the  patch  thickness  must  be  such  that 

(t«)c  =  Cc  a  <  45  MPa  (3) 

(ra)e  =  Ce  a  <  45  MPa  (4) 

In  general  for  full  thickness  patches,  it  will  be  very  difficult  to  satisfy  all  of  these  requirements. 
It  is  usually  fairly  simple  to  satisfy  the  stress  requirements  in  the  adhesive  and  the  patch  at 
the  crack.  Indeed  this  is  done  by  taking  the  maximum  of  the  thicknesses  obtained  from  equations 
(2)  and  (3).  However  this  patch  thickness  is  often  too  large  for  equation  (4)  to  be  satisfied  which 
means  that  the  adhesive  at  the  ends  of  the  patch  would  be  stress  critical. 


3.2  Step  Thickness  Patches 

In  order  to  overcome  the  difficulty  mentioned  above  it  is  necessary  to  use  step  thickness 
patches.  For  example,  the  stress  distribution  in  both  the  patch  and  the  adhesive  in  a  typical 
step  thickness  patch  is  shown  in  Figures  4(a),  (A)  while  the  corresponding  stress  distribution 
for  two  full  thickness  patches  of  thicknesses  0-762  mm  and  0-127  mm  respectively  are  shown 
in  Figures  5  and  6.  Perhaps  the  most  important  features  of  these  Figures  are  that  the  shear 
stress  in  the  ends  of  the  step  thickness  patch,  which  is  only  0-127  mm  thick  (i.e.  one  layer)  is 
virtually  the  same  value  as  for  the  0- 127  mm  full  thickness  patch.  Similarly  the  shear  stress  and 
the  fibre  stress  at  the  centre  of  the  stepped  patch,  which  is  0-762  mm  thick  (i.e.  6  layers)  at 
this  point,  is  virtually  the  same  as  for  the  0-762  mm  full  thickness  patch.  Furthermore,  it  tran¬ 
spires  that  the  stepped  patch  and  the  0-762  mm  full  thickness  patch  give  very  similar  values 
for  the  ratio  of  the  stress  intensity  factors  K\VIK\U\  namely  0-18  and  0-20  respectively.  Thus 
the  design  rules  enunciated  above  in  equations  (2)  and  (4)  may  be  used  for  determining  the 
maximum  patch  thickness,  and  provided  that  the  patch  is  stepped  sufficiently  it  seems  reasonable 
to  assume  that  the  shear  stress  in  the  adhesive  at  the  ends  of  the  patch  will  be  of  the  same  order 
as  for  a  full  thickness  patch  of  the  thickness  of  the  final  step  in  the  stepped  patch.  In  practice 
it  is  wise  to  have  the  final  step  only  0-127  mm  thick,  i.e.  one  layer,  as  this  leads  to  the  lowest 
value  of  the  shear  stress. 

From  Figure  4a  we  also  see  that  stepped  patches  are  a  much  better  way  of  distributing 
the  load  carried  by  the  patch.  Indeed  whereas  in  full  thickness  patches  the  fibre  stress  has  a  large 
peak  near  the  crack,  step  patches  distribute  the  fibre  stresses  more  uniformly  over  the  entire 
patch  length. 


3.3  Effect  of  Adhesive  Thickness 

In  the  above  analysis  we  have  been  primarily  concerned  with  an  adhesive  thickness  of 
0-1016  mm,  which  is  commercially  available.  Another  commercially  available  thickness  is 


6.  A.  A.  Baker.  Evaluation  of  adhesives  for  fibre  composite  reinforcement  of  fatigue  cracked 
aluminium.  Proc.  10th  Nat.  SAMPE  Technical  Conference  pp.  397-415,  (1978). 
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FIG.  4:  VARIATION  OF  FIBRE  AND  ADHESIVE  STRESSES  ALONG 
CENTRE  LINE  OF  PATCH:  DOUBLE  REINFORCEMENT 


FIG.  5  :  DISTRIBUTION  OF  FIBRE  AND  ADHESIVE  STRESSES 
ALONG  CENTRE  LINE 


DISTRIBUTION  OF  FIBRE  AND  ADHESIVE  STRESSES 
ALONG  CENTRE  LINE:  t,  =0  762 mm 


0*2032  mm.  The  effect  of  this  increase  in  the  adhesive  thickness  is  shown  in  Table  1  for  the  step 
thickness  patch  previously  considered. 


TABLE  1 


Adhesive  Thickness  mm 

KipfKiu 

(ra  )c/o 

( Tae)e/a 

Of/o 

0-180 

■Bn 

■SI 

■■ 

0-193 

. 

KH 

We  thus  see  that  doubling  the  adhesive  thickness  has  very  little  effect  on  the  reduction  in  the 
stress  intensity  factor  K\p  or  on  the  maximum  fibre  stress.  However  it  significantly  reduces  the 
peaks  in  the  shear  stress  in  the  adhesive.  Hence  since  the  benefits  of  decreased  adhesive  shear 
stresses  outweigh  the  slight  rise  of  1  -3%  in  the  stress  intensity  factor  the  use  of  an  increased 
adhesive  thickness  is  recommended. 

3.4  Effect  of  Sheet  Thickness 

We  have  thus  seen  that  in  the  design  of  patches  significant  use  can  be  made  of  the  results 
for  full  thickness  patches.  However  the  previous  results  have  been  for  a  sheet  thickness  of 
2-29  mm.  Increasing  the  sheet  thickness  causes  a  significant  increase  in  the  stress  intensity  factor, 
and  in  both  the  fibre  stresses  and  the  adhseive  stresses  at  the  crack,  but  has  less  effect  on  the 
adhesive  stress  at  the  ends  of  the  patch;  see  Figure  7,  where  the  patch  considered  is  the  step 
thickness  patch  previously  described. 


3.5  Single  Side  Reinforcement 

Let  us  now  turn  our  attention  to  the  case  of  a  single  sided  reinforcement,  i.e.  patching  of 
the  crack  on  one  side  of  the  sheet  only.  We  will  further  confine  our  attention  to  the  cases  for 
which  bending,  due  to  the  shifting  of  the  neutral  axis  of  the  patch-sheet  pair,  is  negligible  because 
of  other  constraints  on  the  sheet.  For  this  analysis  we  will  also  revert  to  the  constant  thickness 
patches  considered  in  Section  2.3  and  to  the  previous  values  of  sheet  and  adhesive  thicknesses 
viz.  2*29  mm  and  0*  1016  mm  respectively. 

Figure  8  shows  the  effect  that  increasing  the  patch  thickness  has  upon  the  stress  intensity 
factor,  and  the  stresses  in  both  the  patch  and  the  adhesive.  Comparing  these  Figures  with 
Figure  3,  for  the  case  of  double  sided  reinforcement,  i.e.  patching  on  each  side  of  the  crack, 
we  see  the  following. 

1 .  For  any  given  patch  thickness  the  shear  stress  at  the  ends  of  the  patch  is  slightly  higher 
than  for  the  case  of  a  double  sided  reinforced  crack,  the  total  volume  of  composite 
being  the  same  in  each  case. 

2.  The  reduction  in  the  stress  intensity  factor  is  less  than  that  achieved  by  reinforcing  on 
each  side,  the  total  volume  of  composite  being  the  same  in  either  case. 

3.  The  shear  stress  in  the  adhesive  at  the  crack  is  greater  than  for  the  case  of  reinforcing 
on  each  side,  the  total  volume  of  composite  being  the  same  in  either  case. 

4.  EFFECTS  OF  PATCH  DEBONDING 

Let  us  finally  turn  our  attention  to  the  problem  of  debonding.  Previously  we  have  been 
considering  patches  in  which  the  adhesive  has  not  failed.  However,  in  poorly  designed  patches 
under  high  loads  it  is  possible  for  the  maximum  permissible  value  of  the  shear  stress  in  the 
adhesive  to  be  exceeded.  If  these  loads  are  repeated  fatigue  damage  to  the  adhesive  will  occur 
and  it  is  possible  that  the  adhesive  will  debond  in  the  regions  of  maximum  shear  stress.  An 
extreme  case  of  a  debond  extending  12-7  mm  on  either  side  of  the  crack  and  over  the  full  width 
of  the  patch  was  considered.  The  stress  distribution  for  the  stepped  patch,  previously  considered. 


II 


FIG.  9:  VARIATION  OF  FIBRE  AND  ADHESIVE  STRESSES— 
DOUBLE  REINFORCEMENT  AND  DEBOND 


FIG.  10:  VARIATION  OF  FIBRE  AND  ADHESIVE  STRESSES 
SINGLE  REINFORCEMENT  AND  DEBOND 


with  the  debond  as  described  above  is  shown  in  Figure  9  where  the  patch  is  considered  to  be 
on  each  side  of  the  sheet. 

From  this  Figure  and  by  comparison  with  Figure  4  we  see  that  even  an  extreme  debond 
of  12 -7 mm  has  relatively  little  effect  on  the  peak  stresses  in  either  the  patch  or  the  adhesive. 
However  it  significantly  raises  the  stress  intensity  factor.  For  example  the  ratio  of  the  stress 
intensity  factors  Kip/Kiu  was  found  to  be  0-381  whereas,  without  debonding,  the  corresponding 
value  was  0-180.  This  is  a  increase  of  20%  in  the  ratio  of  the  stress  intensity  factors.  Whilst 
debonding  is  clearly  detrimental,  it  still  appears  that  even  with  a  relatively  large  debond  a  patch 
can  retain  some  effectiveness  for  reducing  further  crack  growth  in  the  sheet. 

5.  CONCLUSION 

We  have  seen  that  the  patching  of  cracks  with  a  bonded  overlay  of  composite  material  is 
an  effective  method  for  reducing  the  stress  intensity  factors  at  the  crack  tip.  A  detailed  study  of 
the  stress  distributions  in  the  adhesive  and  the  composite  overlay,  for  several  typical  repairs, 
have  been  presented.  This  study  has  shown  that  the  shear  stress-concentrations  at  the  edges  of 
the  patch  can  be  reduced  to  tolerable  levels  by  stepping  the  thickness  of  the  patch  and  that 
the  main  design  variables  are  the  stresses  in  the  fibres  and  the  shear  stresses  in  the  adhesive 
at  the  crack. 
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